Fungal and mycotoxin contamination was investigated in field samples of nuts, shells and pods of the Brazil nut collected during different periods in Itacoatiara, State of Amazonas, Brazil: day 0, samples still on the tree; days 5, 10 and 15, samples in contact with soil for 5, 10 and 15 days, respectively. The most prevalent fungi were Aspergillus flavus in fruit pods and nuts and Fusarium spp. in shells. Penicillium spp. and A. flavus were isolated from soil, and Fusarium spp. and Penicillium spp. from air. Aflatoxins and cyclopiazonic acid were not detected in any of the samples analyzed. The high frequency of isolation of aflatoxigenic A. flavus strains from soil and Brazil nuts increases the chance of aflatoxin production in these substrates. These findings suggest a possible contamination before drying and indicate soil as the main source of fungal contamination of Brazil nuts.
Introduction
Mycotoxins are toxic secondary metabolites produced by filamentous fungi that can contaminate crops with consequent impacts on public health and agricultural economy. These toxins are responsible for millions of dollars in annual losses (Hussein & Brasel, 2001 ). The main fungal species related to the production of mycotoxins [aflatoxins and cyclopiazonic acid (CPA)] are Aspergillus flavus, Aspergillus parasiticus and Aspergillus nomius. The aflatoxins most commonly produced by A. flavus are aflatoxins B 1 (AFB 1 ) and B 2 (AFB 2 ), whereas A. parasiticus and A. nomius produce aflatoxins G 1 (AFG 1 ) and G 2 (AFG 2 ), in addition to AFB 1 and AFB 2 (Smith & Ross, 1991) . AFB 1 is particularly important since it is the most toxic and potent hepatocarcinogenic natural compound ever characterized (Bennett & Klich, 2003) , being classified as group 1 human carcinogen by the International Agency for Research on Cancer (IARC, 1993) .
A. flavus can also produce CPA, a mycotoxin that often co-occurs with aflatoxins. Cyclopiazonic acid has been detected in crops such as peanut and corn (Urano, Trucksess, Beaver, et al., 1992) and pecans (Trucksess, Mislivec, Young, Bruce, & Page, 1987 ), but has not yet been identified from Brazil nuts.
The Brazil nut tree (Bertholletia excelsa) is a native tree of the Amazon region, and its edible product, the Brazil nut, is produced within a capsular woody fruit (fruit pod) (Clay & Clement, 1993) , which fall on the jungle floor during the rainy season. The fruit pods stay in direct contact with the soil for several days prior to harvest, and during this time, the fruit pods can be contaminated with Aspergillus species. Brazil nuts generally undergo minimal processing and more than 90% are exported, mainly to the United States, Canada, Bolivia, Australia, China, Japan and Vietnam (Pacheco & Scussel, 2009) .
Therefore, hundreds of thousands of Amazonian residents derive an income from colleting and marketing Brazil nuts. They are responsible for the protection of millions of hectares of forest, help preserve the Amazon rainforest and create an economy on which thousands of local people depend Vargas, Santos, Whitaker, & Slate, 2011) . The production of Brazil nuts is a sustainable process; the product is considered organic and the extractions as environmentally correct (Vargas et al., 2011) .
Brazil, the second largest Brazil nut-exporting country, produced 37,467 tons of Brazil nuts in (IBGE, 2009 . However, the loss in international market share, associated with export problems mainly to the European Union because of higher standards for microbial and aflatoxin contamination, has provoked strong reactions from the industrial sector and government branches to take measures that further strengthen the supply chain and export sector .
Contamination of Brazil nuts with A. flavus and aflatoxins has been described by Castrillon and Purchio (1988a) , Trucksess, Stack, Nesheim, Albert, and Romer (1994) , and Pacheco and Scussel (2007) , but there are no reports of contamination with CPA alone or together with aflatoxins.
Brazil nuts are rich in selenium, an important antioxidant micronutrient that can protect against cancer (Barclay, MacPherson, & Dickson, 1995) . The relationship between selenium and aflatoxins has been widely investigated and there seems to be a positive correlation between the two substances (Pacheco & Scussel, 2007) .
Although contamination of Brazil nuts with aflatoxins is a known and extensively investigated phenomenon, the critical steps of infection with Aspergillus and consequent mycotoxin production are still unclear. Study suggested that this contamination occurs in the forest, during harvest of the fruit pods from the forest floor, or during storage and transport of the fruits to the processing facility (Pacheco & Scussel, 2006) . In this respect, the establishment of the fungal mycoflora and subsequent production of aflatoxins and CPA in Brazil nut samples is important to establish measures for mycological control.
The objectives of the present investigation were to evaluate the mycoflora and mycotoxins (aflatoxins and CPA) in field samples of fruit pods, shells and nuts of the Brazil nut and in soil and air samples, to determine the possible route of fungal contamination of Brazil nuts in the field, and to investigate the toxigenic potential of the A. flavus strains isolated during the study.
Material and methods

Study place and plot characterization
The samples were collected manually between February and March 2008 in the Brazil nut grove of Agropecuária Aruanã, municipality of Itacoatiara, State of Amazonas. Five samplings were performed during four different periods in pre-established and demarcated areas of the grove, corresponding to 20 samples per substrate (fruit pod, shell, nut, soil, and air). The four different periods were defined based on the time of contact of the fruit pod samples with soil, with an interval of 5 days between samplings: day 0, samples collected directly from the tree that had no direct contact with soil; day 5, 10 and 15, samples in contact with soil for 5, 10 and 15 days, respectively.
Collection of Brazil nut, soil, and air samples
Each Brazil nut sample corresponds to five fruit pods and their respective content, i.e., shell and nut. Five soil samples (approximately 1 kg each) were collected per period from the surface (0e5 cm deep). The samples were collected from the same predetermined sites within the grove.
Air sampling of fungi was carried out using the programmable M Air T air monitoring system (Millipore, Marlborough, MA, USA). This method, which is frequently used for the isolation of airborne fungi (Gambale, 1998) , is based on the quantification of airborne fungal spores (1000 L or m 3 of air) seeded onto Petri dishes containing Sabouraud dextrose agar. Five samples per period were collected.
Water activity
The water activity (A w ) of the samples (soil, fruit pods, shells, and nuts) was determined with an Aqualab CX-2 apparatus (Decagon Devices, Inc., Pullman, WA, USA).
Isolation of fungi
Brazil nuts
Brazil nut samples were divided into fruit pods, shell, and nuts. Ten grams of each sample was mechanically triturated and diluted in 90 mL sterile distilled water. Successive decimal dilutions were prepared up to 10 À6 and 0.1 mL of each dilution was inoculated into A. flavus and A. parasiticus agar and potato dextrose agar medium supplemented with chloramphenicol. The plates were incubated at 25 C for 7 days (Pitt & Hocking, 1997) . The results are reported as colony-forming units per gram substrate (CFU/g).
Soil
A portion (10 g) of each soil sample was diluted in 90 mL sterile 0.85% saline. Next, successive decimal dilutions were prepared up to 10 À5 and 0.1 mL of each dilution was inoculated into Martin culture medium (Martin, 1950) . The plates were incubated at 25 C for approximately 5 days. All samples were processed in duplicate.
The results are expressed as CFU/g.
Wind-dispersed fungi
After exposure in the air monitoring device, the Petri dishes were incubated at 25 C for 7 days and the colonies isolated were submitted to the microculture technique on Sabouraud dextrose agar and potato dextrose agar. The results are expressed as CFU/m 3 air.
Fungal identification
The fungal colonies isolated from the substrates analyzed were maintained in potato dextrose agar and identified to the genus levels. Fungi of the genus Aspergillus were identified to the species level. A polyphasic approach consisting of the following steps was used for the identification of Aspergillus strains: investigation of macroscopic and microscopic morphology according to the textbooks of Pitt and Hocking (1997) , and Raper and Fennel (1965) ; evaluation of the production of aspergillic acid as described by Pitt, Glenn, and Hocking (1983) ; thermoresistance test proposed by Kurtzman, Horn, and Hesseltine (1987) , and sequencing of the internal transcribed spacer (ITS) of ribosomal DNA as described by White, Bruns, Lee, and Taylor (1990) , Abdollahi and Buchanan (1981) , and Degola et al. (2007) .
DNA extraction, amplification and sequencing
The strains were confirmed to be A. flavus by sequencing of the internal transcribed spacer (ITS) region of rDNA (Abdollahi & Buchanan, 1981; Degola et al., 2007; White et al., 1990) .
DNA was extracted and purified directly from fungal colonies grown on yeast extract sucrose (YES) agar at 25 C in the dark for 3 days using the PrepMan Ultra Ò kit (Applied Biosystems, Carlsbad, California, USA). The DNA was quantified with the GeneQuant pro calculator (Amersham Pharmacia Biotech, Cambridge, England). A fragment of the ITS region of rDNA was amplified with the ITS1 (5 0 TCC GTA GGT GAA CCT GCG 3 0 ) and ITS4 (5 0 TCC TCC GCT TAT TGA TAT3 0 ) primer pairs [24] . The PCR mix (25 mL) contained 12.5 mL 2Â PCR Master Mix (Promega, San Luis Obispo, CA, USA), 6.5 mL of Milli-Q water, 2 mL de DNA (40 ng) and 2 mL (20 pmol) of each primer (Prodimol Biotecnologia, Minas Gerais, Brazil). The amplification conditions consisted of an initial denaturation at 94 C for 3 min, followed by 40 cycles of denaturation at 94 C for 1 min, annealing at 57 C for 1 min, and extension at 72 C for 1 min. A final extension step at 72 C for 5 min was included at the end of the amplification. After PCR, the products were purified with the QIAquick PCR purification kit (Qiagen, lden, Germany) and stored at À20 C until the time of use for sequencing. The PCR products were sequenced using the same primers as those employed for amplification. The Big-Dye Ò Terminator v3.1 Cycle Sequencing kit (Applied Biosystems) was used. The reactions were run on a 3100 DNA sequencer (Applied Biosystems). Consensus sequences were obtained using the AutoAssembler program (PerkinElmer-Applied Biosystems) and SeqMan software (Lasergene, Madison, WI, USA). The sequences were used in BLASTn searches (www.ncbi.nlm.nih. gov) (Altschul, Gish, Miller, Myers, & Lipman, 1990) order to confirm preliminary identifications.
Determination of aflatoxins
All solvents used were of liquid chromatography grade and were purchased from Merck (Darmstadt, Germany). Milli-Q water was produced in our laboratory using the Academic System (Millipore).
For extraction, 25 g of each sample was triturated and homogenized. Next, 12.5 mL of an acetonitrile:water (85:15, v/v) solution was added to 5 g of nuts and to 2.5 g of shells and fruit pods and the mixture was shaken for 60 min. After centrifugation, 5 mL of the supernatant containing the nuts was mixed with 45 mL acidified water (0.5% glacial acetic acid), and 2.5 mL of the supernatant containing shells and fruit pods was mixed with 47.5 mL acidified water. The solutions were cleaned on a Strata C18-E cartridge (500 mg/3 mL) (Phenomenex, Santa Clara, CA, USA) at a flow rate of 1 drop/second. The cartridges were washed with 12 mL acidified water. Aflatoxins were eluted with 1 mL methanol and the eluent was evaporated to residue (Lebret, Martins Jr., Wang, & Bustillos, 2004; Tanaka et al., 2002) . The residues were derivatized with trifluoroacetic acid (TFA) and hexane, again evaporated, and resuspended in 400 mL of a methanol:water (1:1, v/v) solution. The mixture was injected into a Shimadzu Prominence HPLC system (Kyoto, Japan) equipped with an RF 10 AXL fluorescence detector (excitation: 365 nm, emission: 450 nm) and an autosampler system. The analytical column (Shimadzu, Shim-Pack VP ODS, 150 Â 4.6 mm) was coupled to a pre-column cartridge (Shim-Pack GVP-ODS, 10 mm Â 4.6 mm) maintained at 40 C in an oven. The isocratic mobile phase consisted of acetonitrile:methanol:water (1.5:1.5:8, v/v/v) þ 0.1% TFA and was eluted at a flow rate of 1 mL/min.
The calibration curves were constructed using five concentrations of aflatoxin standard: 0.125, 0.25, 0.5, 1.0, and 2.0 ng/g. The coefficients of the calibration curves were 0.999 for all aflatoxins. The detection and quantification limits in nuts, shells and fruit pods were 0.75 and 0.5 ng/g for each aflatoxin, respectively. Recovery rates of aflatoxins (determined in quintuplicate) were 80.44% for AFB 1 , 81.06% for AFB 2 , 83.28% for AFG 1 , and 84.26% for AFG 2 .
Determination of cyclopiazonic acid
Cyclopiazonic acid was analyzed according to the method of Urano, Trucksess, and Matusik (1992) , with modifications. Twentyfive grams of each previously triturated and homogenized sample was divided into aliquots of 2.5 g and mixed with 20 mL methanol:2% sodium bicarbonate in water (7:3). After shaking for 45 min, the samples were centrifuged and 8 mL of the supernatant was transferred to a separating funnel. Next, 10 mL hexane was added and the mixture was gently shaken. After separation of the phases, the hexane fraction was discarded and 8 mL 10% KCl was added to the aqueous fraction. The latter was acidified with 6 N HCl until pH 3.0 was obtained. Cyclopiazonic acid was extracted with two partitions of 10 mL chloroform. The chloroform phase was collected and evaporated to residue. The residue was then resuspended in 1000 mL methanol and injected into the Shimadzu Prominence HPLC system equipped with a Shimadzu SPD-10A UVeVis detector set at 282 nm, an autosampler system, and a Luna C-8 column (4.6 Â 250 mm, 5-mm particle size; Phenomenex, Torrance, CA, USA) maintained at 40 C in an oven. The isocratic mobile phase consisted of 4 mM ZnSO 4 in methanol:-water (6:4, v/v) and was eluted at a flow rate of 1 mL/min. The calibration curve was constructed using five concentrations of the standard in quintuplicate: 66.6, 100, 133.4, 166.7, and 333.2 ng/g. The coefficient of the calibration curve was 0.997. The quantification and detection limits in nuts, shells and pods were 100 and 50 ng/g, respectively. The mean recovery rate of CPA determined in quintuplicate was 78.7% from nuts, 74.1% from shells, and 71.9% from fruit pods.
Aflatoxigenic potential of A. flavus strains
Each Aspergillus spp. strain was initially maintained in a tube containing potato dextrose agar at 25 C. A fragment of each colony was then inoculated into a plate containing coconut agar (Lin & Dianese, 1976 ) and incubated at 25 C for 14 days. After growth, the whole content of each plate was removed and chloroform (30 mL per 10 g of culture) was added. After shaking, the sample was filtered through Whatman No. 1 filter paper with diatomaceous earth and sodium sulfate. The content was evaporated to residue and the extracts were resuspended in 2 mL chloroform.
Next, 100 mL of this solution was evaporated and resuspended in 3 mL acetonitrile:water (85:15, v/v) diluted in 27 mL acidified water. The cleanup steps and injection into the HPLC system were the same as those described in item 2.6.
Determination of selenium
Digestion of Brazil nut samples
Five grams of each Brazil nut sample was ground, mixed with 10 mL methanol:chloroform (1:2, v/v), and shaken in an orbital shaker twice. The samples were then submitted to sequential extraction with deionized water, sodium chloride, ethanol, and sodium hydroxide. The respective supernatants were separated by vacuum filtration through a 0.45-mm membrane.
The final residue was digested in a microwave oven using a diluted oxidizing mixture (2.0 mL HNO 3 , 1.0 mL H 2 O 2 and 3 mL water). A 4-step temperature program was used (temperature/ C; ramp/minute; hold/minute): 1 (140; 5; 1), 2 (180; 4; 5), 3 (200; 4; 10), and 4 (0; 0; 20). The digested extract was resuspended in 10 mL deionized water (Naozuka & Oliveira, 2007) .
Atomic absorption spectrometry
An aliquot of the digested sample (10 mL) was automatically injected (AS-72) into a graphite tube (PerkinElmer). The chromatographic profile was constructed using the Microcal Origin 5.0 software (Microcal Software, Inc., USA) (Naozuka, Marana, & Oliveira, 2010) .
Statistical analysis
Spearman's correlation coefficient and logistic regression analysis were used to establish the correlation between contamination of fruit pods, shells and nuts with A. flavus and the time of contact with soil. The REG procedure of the SAS 9.0 software was used for statistical analysis.
Results
Fungal contamination
The most important toxigenic fungi (A. flavus, Fusarium spp., and Penicillium spp.) were frequently isolated from all substrates analyzed (soil, air, pods, shells, and nuts) (Tables 1 and 2 (306 Â 10 6 CFU/g).
With respect to the variation in A w and A. flavus counts (Â10 6 CFU/g) across the sampling period, the following results were obtained for the different substrates analyzed (Table 2) : 1) soil: 0.97e0.99 and 2.5e80 CFU/g; 2) fruit pods: 0.88e0.99 and 0.28e863 CFU/g; 3) shells: 0.89e0.99 and 0.25e792.5 CFU/g; 4) nuts: 0.93e0.99 and 0.25e1090 CFU/g. It should be noted that A. flavus was the predominant species in the Brazil nut samples isolated at the four different time points (Table 2) .
Aflatoxigenic potential of A. flavus strains
Analysis of the aflatoxigenic potential of A. flavus strains isolated from soil, air, pods, shells, and nuts showed the production of AFB 1 and AFB 2 , with levels ranging from 3.5 to 410,922 ng/g for AFB 1 and from 1.9 to 4002 ng/g for AFB 2 . The percentage of aflatoxin-producing strains and the maximum and minimum levels of AFB 1 and AFB 2 detected were as follows: 1) soil: 64% (16/ 25), 46.6 and 5053 ng/g (AFB 1 ), and 17 and 3661 ng/g (AFB 2 ); 2) air: 30% (18/60), 136.8 and 73,050 (AFB 1 ), and 9.5 and 2207 ng/g (AFB 2 ); 3) pods: 40.8% (31/76), 11.4 and 54,459 ng/g (AFB 1 ) and 51.2 and 1097 ng/g (AFB 2 ); 4) shells: 63.8% (23/36), 18.7 and 121,270 ng/g (AFB 1 ) and 11.4 and 833 ng/g (AFB 2 ); 5) nuts: 67.8% (40/59), 3.5 and 410,922 ng/g (AFB 1 ) and 1.9 and 4002 ng/g (AFB 2 ).
Occurrence of mycotoxins (aflatoxins and cyclopiazonic acid)
No aflatoxins or CPA were detected in the field samples of nuts, shells or pods of the Brazil nut.
Determination of selenium levels
The results showed the presence of selenium in all nut samples, with values ranging from 30.64 to 125.42 mg/g.
Discussion
The predominance of Fusarium spp., Penicillium spp. and A. flavus in air samples seen in the present study agrees with others Brazilian findings (Almeida et al., 2002; Gambale, 1998) . The predominant soil fungi in the present study were Penicillium spp. and A. flavus. These fungi have also been identified in Brazilian corn and peanut plantations (Almeida et al., 2002; Zorzete et al., 2011) .
The present study demonstrated a high level of fungal contamination (>10 6 CFU/g) and a higher frequency of A. flavus and Penicillium spp. in Brazil nut pods. , analyzing fruit pod samples collected aseptically in the Peruvian Amazon region, also found levels of fungal isolation higher than 10 7 CFU/g and a predominance of Penicillium spp. and A. flavus.
Analysis of Brazil nut shells showed a predominance of Fusarium spp. in the first samplings, followed by an increase in the isolation of A. flavus in the final samplings. These findings agree with those reported by Gonçalez, Souza, Rossi, Felicio, and Correa (2008) who analyzed peanut shells in the stage of pod filling. The predominance of A. flavus, Penicillium spp. and Fusarium spp. in nuts confirms the results reported by Castrillon and Purchio (1988b) and Pacheco, Lucas, Parente, and Pacheco (2010) , who found a high frequency of the same fungi in the Brazil nuts samples. The lack of isolation of A. flavus by , who analyzed Brazil nut samples derived from pods collected directly from the tree, might be attributed to the lack of contact between the substrate and soil. Statistical analysis showed that a longer contact of pods with soil increases the predominance of A. flavus (p ¼ 0.011), with the chance of contamination per day reaching 43%. In addition, a positive correlation was observed between the presence of A. flavus in fruit pods and shells (p ¼ 0.008).
After the fruit pods have fallen to the forest floor, they can rapidly become contaminated with Aspergillus species if the soil contains these Castrillon & Purchio, 1988a) . Under natural conditions, Brazil nuts are only harvested once they have fallen to the ground where they remain for an indefinite period of time, with this period being crucial for contamination with Aspergillus spp. . This agrees with the present study in which a gradual increase in the number of CFU/g of A. flavus was observed with increasing contact of the pods with soil (Table 2) .
In the present investigation, soil was probably the most important source of infection of Brazil nuts since A. flavus, mainly aflatoxigenic strains, was the second most frequent fungus isolated from this substrate. The long time of contact of the pods with soil, together with the climatic conditions of the Amazon region, may also contribute to the contamination and growth of fungi. According to Horn (2005) , the presence of A. flavus in soil samples during harvest of the fruits indicates this substrate as the primary reservoir of the fungus.
A few papers have reported aflatoxin data in Brazil nuts that are mostly from retail market (Blesa, Soriano, Molto, & Mañes, 2004;  Caldas, Silva, & Oliveira, 2002; Freire, Kozakiewcz, & Paterson, 2000; Martins et al., 2012) . The lack of detection of aflatoxins in the Brazil nut obtained in field analyzed agrees with the findings of some authors Cartaxo, Souza, Correa, Costa, & Freitas-Silva, 2004) . In contrast, Pacheco and Scussel (2007) reported aflatoxin levels ranging from 2.0 to 11.5 ng/g in Brazil nuts from the Amazon basin; and Pacheco and Scussel (2009) detected only 8.7% (14/171) of the Brazil nuts contained aflatoxins at levels >4 mg/kg (European Union maximum level). The high A w levels (0.91e0.99) recorded in the present samples (soil, pod, shell, and nut) explain the predominance of A. flavus, especially in nuts. According to , the optimum A w for growth and the minimum A w for aflatoxin production are 0.91 and 0.68, respectively, for Brazil nuts. The moisture content of the samples studied here favored aflatoxin production, but the short time of contact of the fungus with the substrates probably did not permit the necessary adaptation for production of aflatoxins by the A. flavus strains. These findings agree with Bennett, Horowitz, and Lee (1979) who showed that aflatoxin production only occurs after the exponential phase of fungal growth (idiophase) and Vargas et al. (2011) who demonstrated that several factors can influence fungal growth and aflatoxin production, but the length of storage time in optimal range of water activity (A w < 0.70) in Brazil nuts is considered the most critical one.
The lack of detection of CPA in the Brazil nut samples studied here disagrees with other findings in peanuts and corn samples (Gonçalez, Nogueira, et al., 2008; Urano, Trucksess, Beaver, et al., 1992) . However, Gonçalez, Souza, et al. (2008) were also unable to detect this toxin in peanut shells.
Although no correlation between selenium levels and the presence of aflatoxins could be identified in the present study, the concentration of this micronutrient (30.64e125.42 mg/g) was similar to that reported for Brazil nuts in other studies (0.2e253 mg/ g) (Barclay et al., 1995; Martins et al., 2012; Pacheco & Scussel, 2007; Yang, 2009 ).
Conclusions
The present study demonstrated the susceptibility of Brazil nuts to colonization with A. flavus, especially during early stages of harvest in the field. These findings indicate soil as the main source of fungal contamination of Brazil nuts. In addition, the results showed that water activity plays an important role in fungal growth during this period, with a consequent potential risk of aflatoxin production. The high percentage of aflatoxigenic A. flavus strains, associated with high AFB 1 production, indicates the need for good management practices to prevent the occurrence of aflatoxins in Brazil nuts. 
